A novel lanthanum monazite (LaPO 4 ) coating was applied to silicon carbide fiber using a simple hydrothermal method to afford a SiC f /LaPO 4 /SiBCN composite that could be fabricated using resin transfer molding & polymer impregnation and pyrolysis processing technologies. Microstructural analysis showed that silicon carbide fibers were coated uniformly with a ³700 nm layer of LaPO 4 , with X-ray diffraction results confirming that the coating formed in the deposition process were compatible with the fiber and matrix materials produced during the pyrolysis process. The mechanical properties of the resultant SiC f /SiBCN, SiC f /BN/SiBCN, SiC f /LaPO 4 / SiBCN composites were compared using bending, tensile strength, fracture toughness and oxidation tests. These tests indicate that the SiC f /LaPO 4 /SiBCN composite exhibits excellent mechanical properties, with tests at evaluated temperatures (1350°C for 50 h) revealing that the LaPO 4 coating does not undergo oxidation. These results indicate that the SiC f /LaPO 4 /SiBCN composite has good thermal properties for high temperature applications.
Introduction
Polymer-derived SiBCN ceramics are considered to be excellent materials for high-temperature applications, due to their excellent mechanical 1)4) and oxidative resistance 5) 7) properties at high temperatures, and their ability to retain an amorphous state at temperatures up to 2000°C in inert atmospheres. 8) 10) Reinforcements such as particles, whiskers and continuous fibers 11) are often combined with SiBCN ceramics to form SiBCN ceramic matrix composites (CMCs) that exhibit increased fracture toughness and reliability when compared to monolithic SiBCN ceramics.
12), 13) Coatings are often introduced into these composites to provide extra bonding capacity between reinforcements and the matrix, results in improved matrix crack deflection and more effective load transfer. 12 ), 14) Carbon and boron nitride are often used as functional fiber coatings, 6 ), 14) however, they are known to be susceptible to oxidative damage at high temperature. 6) Monazite (LaPO 4 ) has good refractory 15) and stability 16) properties in oxidative atmospheres and it has been used previously as an interface material to prepare CMCs. 17) Currently, monazite is widely used to prepare oxide/oxide composites, 18)20) however, its incorporation into non-oxide composites is less well explored.
This study describes a simple hydrothermal method for depositing a coating of lanthanum monazite onto the surface of silicon carbide fibers, which significantly increases the fracture toughness and oxidative resistance of the resultant composite materials, meaning they are well suited for high temperature applications.
Experimental

Fabric coating
A homogeneous aqueous solution of lanthanum monazite was prepared by carrying out the precipitation reaction between lanthanum nitrate and phosphoric acid in water at room temperature, according to the reaction described in equation as follows:
Citric acid was used as an additive in this reaction to complex the lanthanum ions present in aqueous solution, 22) which prevents them from forming insoluble complexes with phosphoric acid that precipitate out of solution at low temperature (around 0°C). Untreated fabric was then immersed in the homogeneous aqueous solution of lanthanum phosphate and heated to afford a coated fabric.
Commercially available KD-II silicon carbide fiber (National University of Defense Technology, China) was braided into plain-weave fabric by Yixing KINO Weaving Co. Ltd., China. These fabrics were then pretreated at 1000°C for 2 h under an argon atmosphere. Concentrated phosphoric acid (H 3 PO 4 , AR, Sinopharm, China) was dissolved in deionized water to give a 1 M solution. Lanthanum nitrate [La(NO 3 ) 3 ·6H 2 O, AR, Sinopharm, China] and citric acid monohydrate (C 6 H 10 O 8 , AR, Beijing Chemical Works, China) were dissolved in deionized water to give a 1 M solution. These phosphoric acid and lanthanum citrate solutions could be stored in a freezing chamber at 0°C for more than 8 h, as required. These two solutions were then mixed together to afford a new stock solution that was then used to cure the fabric. Fabrics were immersed in the stock solution, which was then placed on a thermostatically controlled water bath and heated at 90°C, with no stirring of the stock solution carried out to ensure efficient deposition of LaPO 4 on the surface of the fiber fabric. After 5 min heating at this temperature, the fabrics were removed and washed repeatedly with deionized water and then heated at 120°C for 30 min. This immersion and heating processes were then repeated 10 times, before the fabrics were finally heated at 1000°C under an argon atmosphere for 2 h.
Material fabrication
Polyborosilazane (Institute of Chemistry, Chinese Academy of Sciences, China.) and the coated fabric were used as precursor and reinforcement layers of the composite matrix respectively. Fiber preform was prepared by stacking multiple layers of coated fabrics, which were then fabricated into composites using resin transfer molding (RTM) and polymer impregnation & pyrolysis (PIP) technologies. Full details of the fabrication process used have been reported previously, which can be found in reference. 23) The properties of the SiC f /LaPO 4 /SiBCN composite were evaluated by comparing the performance of composites with those of composites prepared from untreated fibers and fibers coated with boron nitride using chemical vapor deposition. Preforms were fabricated into composites using the same RTM and PIP process, with all fabricated composites containing a similar fiber volume fraction of around 50%.
Characterization and testing
Phase identification and composition of the specimens were measured using X-ray diffraction (XRD, Bruker AXS GMBH, D8DISCOVER, Germany) and energy dispersive spectrometry (EDS, Oxford Instruments, X-Max N , England). Cross-sections of the specimens were analyzed by optical microscopy (OM, Leica, CTR6500, Germany) and field emission scanning electron microscopy (FESEM, FEI, Nova 450, American). Fracture surface analysis of the composites were carried out using scanning electron microscopy (SEM, JEOL, JSM-6380LV, Japan). Gold sputtering treatment of composite samples was carried out, before FESEM, SEM and EDS analyses were carried out. The flexural strength of composites were measured using three-point flexural tests that were carried out using a microcomputer controlled universal electronic testing machine (Mechanical Testing & Simulation Corporation, CMT6104, American) at room temperature, using a support span of 45 mm and a loading rate of 0.5 mm/min. The tensile strength of composites were measured using a universal mechanical testing machine (Instron, 3369, American), using the specimen shape shown in Fig. 1 . Fracture toughness of the composites was also measured using a universal mechanical testing machine (Instron, 3369, American), using a specimen size of 30 mm © 5 mm © 3 mm. A notch with a depth of 2.5 mm and width of 0.13 mm was machined into the center of each sample before testing for fracture toughness.
The specimen size used to carry out oxidation tests on the composites was 60 mm © 5 mm © 3 mm, with a zirconia crucible used as a container for the composite samples. Samples were heated at 1000°C under an argon atmosphere for 2 h, while the crucibles were heated in air at 1650°C for 1 h, prior to oxidation tests being carried out. Specimens and crucibles were weighed using an electronic balance (precision of 0.1 mg) and their size measured using a vernier caliper (precision of 0.1 mm). All oxidation experiments were carried out in static air. The tube furnace was first heated at 1350°C for 5 h before oxidation tests to ensure adequate thermal insulation. The crucible was then mounted with a sample, and the crucible then rapidly transferred to the thermostatically controlled furnace. Samples were heated for varying lengths of time, before being removed from the furnace and cooled in air over a period of 5 min. Finally, oxidized specimens were then weighed using an electronic balance to obtain data that was then used to construct a series of oxidation kinetic curves. The specimens required for measuring residual flexural strength were also heated and cooled inside the furnace under the same conditions. All results were obtained by taking the average of 3 measured values to minimize errors.
Results and discussion
Microstructures and morphologies
The cross section of coated fabrics was analyzed using FESEM, with Fig. 2(a) showing that most of the fiber bundles had been coated successfully with lanthanum monazite, although some uncoated areas were still clearly present. The fabric remained stationary in the stock solution during the coating process, with deposition of lanthanum monazite relying on convection processes to achieve uniform coating. This deposition process was Journal of the Ceramic Society of Japan 126 [8] 632-640 2018 JCS-Japan sometimes unsatisfactory, occasionally leading to morphological defect in these solution infiltrated ceramic fabrics. 24) Figure 2 (b) indicates that the coating layer was relatively uniform, with a coating thickness of around 700 nm. Figures 2(c) to 2(e) show the FESEM images of the fabricated SiC f /LaPO 4 /SiBCN composite and the EDS mapping spectra of fibers that contain a lanthanum monazite coating. These images reveal that some of the fiber bundles were uncoated [as shown in Fig. 2(c) ], similar to the results obtained for the lanthanum monazite coated fabrics. Figure 2(d) shows the morphology of the coating between the matrix and the fiber, which was much smoother when compared to the coating of the coated fabric. This coating was distributed more evenly throughout the matrix and fibers, without any obvious desorption having occurred. The EDS spectra shown in Fig. 2(e) showed that no obvious chemical reactions or element migration between layers had occurred during the pyrolysis process. ent (as shown in Fig. 3 ). This implies that no chemical reaction between the coating and the matrix/ fibers had occurred, thus confirming the EDS results shown in Fig. 2(e) . These results mean that the LaPO 4 coating has good chemical compatibility with SiC and SiBCN during the pyrolysis process used to prepare these composites.
Mechanical property tests
The physical and mechanical properties of the fabricated composite are reported in Table 1 properties. To conclude, all these results confirm that the fabricated SiC f /LaPO 4 /SiBCN composite displayed excellent mechanical properties. Figure 5 shows the stressstrain curves of composites throughout the flexural test. The composite without a coating at its interface exhibited an ultimate strength of around 500 MPa, with stress levels then rapidly dropping to <150 MPa, indicating that brittle fracture had occurred. Composite containing BN as a fiber coating exhibited an ultimate strength value of around 400 MPa, followed by a period of stress stability around 200 MPa, with stress values then JCS-Japan dropping further to 100 MPa. The composite containing LaPO 4 as a fiber coating showed an ultimate strength of around 450 MPa, which was slightly lower than for the SiC f /SiBCN composite. However, the stressstrain curves of the SiC f /LaPO 4 /SiBCN composite showed a significant gradient change before reaching its ultimate strength. This was followed by the generation of a series of stress platforms as the fracture process proceeded. These results mean that the presence of the LaPO 4 layer has a significantly effect on improving the toughness of this composite. SEM images of the fracture surfaces of the composites after they had been subjected to bending tests are shown in Fig. 6 . The ultimate flexure strength of the composite without a surface coating was found to be around 500 MPa, however, very few fiber pullouts were present in its fracture surface image [as shown in Fig. 6(a) ]. This means that this material has a relatively poor ability to deflect matrix cracks and transfer load. Many more fiber pullouts were present in the fracture surface of the SiC f /BN/ SiBCN composite [as shown in Fig. 6(b) ], indicating a significant improvement in its toughness. However, it should be noted that there were still some areas of the fracture surface completely lacking in fiber pullout. The bending fracture surface of the SiC f /LaPO 4 /SiBCN composite is shown in Fig. 6 (c), which reveal a greater level of fiber pullout, when compared to the other two composites. Therefore, incorporation of LaPO 4 into a coating, clearly increases the toughness and bending ability of the resultant composite materials.
Oxidation tests
Cross section images of oxidized composites are shown in Fig. 7 . Oxidation of the SiC f /SiBCN composite at 1350°C for 50 h, resulted in the formation of cracks in the matrix [as shown in Fig. 7(a) ], as well as the presence of holes created by displacement of oxidized fibers [as shown in Fig. 7(b) ]. Creation of these holes enables oxygen to be distributed throughout the oxidized matrix, thus creating more oxidative damage throughout the material [see cross sections shown in Fig. 7(c) Fig. 7(i) ]. Figure 7 (j) reveals that LaPO 4 is present in the oxide scale, with all these results suggesting that LaPO 4 forms an effective barrier to oxygen diffusion, thus affording a composite with improved performance. Figure 8 shows the oxidation kinetic curves of the composites, which indicate that SiC f /LaPO 4 /SiBCN composite displays similar oxidation behavior to SiC f /SiBCN composite. Weight gains of the composites during the oxidation process were found to be linear to the logarithm of the oxidation time, which can be explained by considering the equation:
where y represents the weight change, k is the oxidation rate constant, t is the oxidation time and c is a constant. Calculated oxidation rate constants for the SiC f /SiBCN, SiC f /BN/SiBCN and SiC f /LaPO 4 /SiBCN composites were found to be 0.78, ¹0.14 and 0.80 mg·cm ¹2 ·h ¹1 , respectively. The oxidation rate constants for SiC f /SiBCN and SiC f /LaPO 4 /SiBCN composites were almost identical, with LaPO 4 being essentially inert under the oxidation process used for composite formation. Si-based composites can react with BN under oxidation atmosphere to form borosilicate glass that can seal cracks and maintain JCS-Japan their amorphous structure throughout the oxidation process. 31),32) This provides extra oxidation protection for the SiC f /BN/SiBCN composite, whose oxidation rate constant is much lower than for the other two composites.
Residual flexural strength data for composites that had been oxidized at 1350°C for 50 h ( Table 2 ), revealed that the strength retention ratio of the SiC f /LaPO 4 /SiBCN composite was significantly higher than for the SiC f / SiBCN composite. This means that the presence of LaPO 4 may result in extra oxidative protection by providing a barrier to oxygen diffusion throughout the composite. Figure 9 shows the flexural stressstrain curves of composites after oxidation at 1350°C for 50 h in air. The composite without a coating at its interface was fractured after reaching its ultimate strength of around 90 MPa, with this uncoated composite showing the lowest ultimate strength after it had been oxidized. Composite containing BN as a fiber coating exhibited a significantly higher ultimate strength value of around 200 MPa, followed by a period of stress stability after reaching its ultimate strength, indicating that its BN coating could effectively protect its fibers from being oxidized. The composite containing LaPO 4 as a fiber coating showed an ultimate strength of around 160 MPa, slightly lower than for the SiC f /BN/SiBCN composite. Once the ultimate stress value had been reached, stress values dropped to around 120 MPa, rose to around 150 MPa and then gradually dropped until finally reaching 0 MPa. These results confirm that the LaPO 4 layer provides a barrier to oxygen diffusion throughout the composite structure and that the LaPO 4 layer is still effective as a functional fiber coating after oxidation.
SEM images of the flexural fracture surfaces of the composites after oxidation at 1350°C for 50 h are shown in Fig. 10 . Hardly any fiber pullouts were present in the flexural fracture surfaces of the uncoated composite after oxidation [as shown in Fig. 10(a) ], which also exhibited the lowest retention ratio of its flexural strength, indicating that this composite was seriously damaged in the oxidation process. The flexural fracture surface of the SiC f /BN/ SiBCN composite after oxidation is shown in Fig. 10(b) . The protection provided by the borosilicate glass formed in the oxidation process, results in a considerable number of fiber pullouts being present in its fracture surface image [ Fig. 10(b) ]. Some fiber pullouts were also present in the fracture surface of the SiC f /LaPO 4 /SiBCN composite after oxidation [as shown in Fig. 10(c) ]. Because lacking the ability to self-heal by producing borosilicate glass and some of the fiber bundles were uncoated with LaPO 4 , which means the overall oxidation resistance of the SiC f /LaPO 4 /SiBCN composite was not as good as the SiC f /BN/SiBCN composite. This means that the oxidation resistance of SiC f /LaPO 4 /SiBCN composite was improved when compared to the SiC f /SiBCN composite.
Conclusion
A hydrothermal method was used to deposit a layer of lanthanum monazite onto the surface of silicon carbide fibers, with SiC f /LaPO 4 /SiBCN composite then fabricated using RTM and PIP technologies. Observation of the microstructure and morphology of the silicon carbide fibers revealed that they were coated uniformly with a ³700 nm layer of LaPO 4 , XRD analysis indicated that no chemical reaction had occurred between the coating and fiber/matrix during the pyrolysis process. Mechanical performance testing was then carried out on SiC f /LaPO 4 /SiBCN, SiC f / SiBCN and SiC f /BN/SiBCN. These mechanical test results revealed that the SiC f /LaPO 4 /SiBCN composite exhibited almost identical flexure and tensile strength, whilst showing significant improvements in fracture toughness. Oxidation testing revealed that oxidation rate con- Journal of the Ceramic Society of Japan 126 [8] 
